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Available online 10 November 2015Oxidized pterins, efﬁcient photosensitizers under UVA irradiation, accumulate in the skin of patients suffering
from vitiligo, a chronic depigmentation disorder. Soybean phosphatidylcholine (SoyPC) liposomes were
employed as model membranes to investigate if pterin (Ptr), the parent compound of oxidized pterins, is able
to photoinduced lipid peroxidation. Size exclusion chromatography and dialysis experiments showed that Ptr
is not encapsulated inside the liposomes and the lipid membrane is permeable to this compound. The formation
of conjugated dienes and trienes, upon UVA irradiation, was followed by absorption at 234 and 270 nm, respec-
tively. The photoproducts were characterized bymass spectrometry and oxygenation of SoyPC was demonstrat-
ed. In addition, analysis of MS/MS spectra suggested the formation hydroperoxides. Finally, the biological
implications of the ﬁndings are discussed.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Lipid peroxidation is involved in many physiological and pathologi-
cal events, and is usually due to oxidative stress [1–3]. This process can
proceed by three different mechanisms: free radical-mediated oxida-
tion,which occurs by chain reactionmechanism (initiation, propagation
and termination), free radical-independent, non-enzymatic oxidation,
that involves singlet oxygen (1O2), and enzymatic oxidation [4]. The
most important one is the free radical mechanism, where the initiation
phase includes hydrogen atom abstraction, and the most abundant
compounds of lipid membranes, phospholipids containing polyunsatu-
rated fatty acids (PUFAs), are the main targets.
A photosensitized reaction is deﬁned as a photochemical alteration
occurring in one molecular entity as a result of initial absorption of
radiation by another molecular entity called photosensitizer [5].
Photosensitized oxidations can take place through two different path-
ways: type I mechanism, which involves the generation of radicals via
electron transfer or hydrogen abstraction, or type II mechanism where
there is an energy transfer from the triplet state of the photosensitizer
to themolecular oxygen to form 1O2 [6]. PUFAs do not absorb solar radi-
ation and artiﬁcial light, but they can undergophotosensitized oxidation
by endogenous or exogenous photosensitizers. Photosensitized lipid
peroxidation by different molecules has been studied for a few decades
and it is known that PUFAs can react by both photosensitized mecha-
nisms (type I and type II), leading to different products [7–10].oni).Pterins are heterocyclic compounds which occur in a wide range of
living systems and participate in relevant biological functions [11]. The
most common pterin derivatives are 6-substituted compounds and
they can exist in different oxidation states: oxidized or aromatic pterins
and reduced pterins (dihydropterins and tetrahydropterins). Several
pterins are present in human epidermis, in particular, 5,6,7,8-
tetrahydrobiopterin (H4Bip) is an essential cofactor in the hydroxyl-
ation of the aromatic amino acids [12] and participates in the regulation
of melanin biosynthesis [13]. Vitiligo is a skin disorder characterized by
the acquired loss of constitutional pigmentation manifesting as white
macules and patches [14]. In this disease, the H4Bip metabolism is
altered, the protection against UV radiation fails due to the lack of
melanin, the main pigment of skin, and unconjugated oxidized pterins
accumulate in the affected tissues [15].
The absorption spectrum of unconjugated oxidized pterins has
an intense band in the UVA region (320–400 nm) (Fig. 1), the main
component of the solar UV energy incident on the Earth. Under UVA ex-
citation these compounds can ﬂuoresce, undergo photooxidation to
produce different photoproducts, generate reactive oxygen species
(ROS) [16], and can also photosensitize biomolecules. In the presence
of oxygen, pterins act as photosensitizers through both type I [17] and
type II mechanisms [18]. In the context of our investigations on the
photosensitizing properties of pterins, we have recently demonstrated
that pterins are able to damage biomolecules involved in the pigmenta-
tion of the skin, such as tyrosinase [19], the α-melanocyte-stimulating
hormone [20] and amino acids [21]. Even more, in a study performed
using cervical cancer cells (HeLa), we ascertained that pterins are read-
ily incorporated into the cells, that cell death takes place upon UVA
Fig. 1.Molecular structure of Ptr and the absorption spectra in buffer Tris pH 7.4.
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affected, among other alterations undergone by the cells [22].
Taking into account these results and to go further with the investi-
gation of the photosensitizing properties of pterins, we set out to study
the damage of membranes photoinduced by pterin (Ptr, parent and
unsubstituted compound of oxidized pterins). In particular, in the
present work we investigate the lipid peroxidation of phospholipids.
As a model membrane we employed liposomes of phosphatidylcholine
from soybean (SoyPC), mainly for two reasons: phosphatidylcholine is
the most abundant phospholipid in eukaryotic cellular membrane and
SoyPC has a high amount of PUFAs, with a fatty acid distribution of
approximately 13% palmitic (C16:0), 4% stearic (C18:0), 10% oleic
(C18:1), 64% linoleic (C18:2), and 6% linolenic (C18:3), with other
fatty acids being minor contributors, according to the company's speci-
ﬁcations [23]. Therefore, around 70% of fatty acids are polyunsaturated
and can undergo lipid peroxidation. In addition, the association to the
membrane or entrapment of Ptr in the liposomes was explored.
2. Materials and methods
2.1. Chemicals and reagents
Pterin (purity N99%) was acquired from Schircks Laboratories
(Switzerland). L-α-Phosphatidylcholine from soybean (SoyPC,
≥99% (TLC), lyophilized powder), ﬂuorescein (FL), 3,5-di-tert-4-
butylhydroxytoluene (BHT), bromochlorophenol blue and
Sepharose® CL-4B were bought from Sigma-Aldrich. Tris(hydroxy-
methyl)aminomethane (Tris) was provided by Genbiotech. Chlo-
roform and methanol used were HPLC grade and were purchased
from U.V.E. and J. T. Baker, respectively. Deionized water further
puriﬁed in a Milli Q Reagent Water System apparatus. The speciﬁc
electrical resistance of water measured was ∼10 MΩ cm.
2.2. Preparation of liposomes
SoyPC liposomes were prepared from stock solution of SoyPC
1 mg/ml in chloroform and were dried under nitrogen stream to
form lipid ﬁlms. Then the ﬁlms were hydrated either in Tris buffer
(20 mM, pH 7.4), Ptr (60 μM), bromochlorophenol blue (4 μM) or
FL (20 μM) dissolved in Tris buffer (20 mM, pH 7.4), to have a ﬁnal
phospholipid concentration of 250 μM. The samples were vortexed
for a few minutes and subsequently, the dispersions were sonicated
using a probe sonicator (Sonics Vibra Cell, VCX750). SoyPC lipo-
somes were kept at 4 °C until used. Dynamic light scattering mea-
surements were performed with a Malvern Zetasizer Nano-ZS toestimate the size of SoyPC liposomes formed. Results showed a di-
ameter of 132 ± 54 nm. The polidispersity index was 0.4.
2.3. Permeability studies
2.3.1. Molecular exclusion chromatography
The Sepharose® CL-4B was equilibrated in 20 mM Tris pH 7.4 and
poured into a 1.5 × 9 cm or 0.8 × 10 cm column. The gel was left
sedimenting overnight. Samples were eluted with the same buffer and
collected in 1 ml fractions.
2.3.2. Dialysis
SoyPC liposomes were placed in dialysis tubing (Spectra/Por®
4) with molecular weight cut off (MWCO) of 12–14 kDa and dialyzed
against buffer Tris pH 7.4 at 4 °C for 72 h, with buffer change at 8, 24
and 48 h.
2.3.3. UV/vis analysis
Electronic absorption spectra were recorded on a Shimadzu UV-
1800 spectrophotometer. Measurements were made using quartz cells
of 0.4 or 1 cm optical path length.
2.3.4. Fluorescence spectroscopy
Fluorescencemeasurementswere performed using a Single-Photon-
Counting equipment FL3 TCSPC-SP (Horiba Jobin Yvon). The equipment
has been previously described in detail [24]. Brieﬂy, in steady-state
measurements the sample solution in a quartz cell was irradiated with
a 450 W Xenon source through an excitation monochromator. The
ﬂuorescence, after passing through an emission monochromator, was
registered at 90° with respect to the incident beam using a room-
temperature R928P detector. The total ﬂuorescence intensities (IF)
were calculated by integration of the ﬂuorescence spectra.
2.4. Steady-state irradiation
The continuous photolysis of SoyPC liposomes in the presence or ab-
sence of Ptr was carried out irradiating in quartz cells (0.4 cm optical
path length). Two Rayonet RPR 3500 lamps (Southern N.E. Ultraviolet
Co.) with emission centered at 350 nm (band width (fwhm) 20 nm)
were employed as radiation source. Photolysis experiments were per-
formed in air-equilibrated aqueous dispersions, unless stated otherwise.
Aberchrome 540 (Aberchromics Ltd.) was used as an actinometer for
themeasurement of the incident photon ﬂux density (q0,Vn,p) at the ex-
citation wavelength [25]. The obtained value was 2.5 (±0.2) × 10−5
Einstein L−1 s−1.
2.5. Measurements of lipid peroxidation by detection of conjugated dienes
and trienes
To determine conjugated dienes and trienes production, absorption
spectra were recorded in a spectrophotometer (see Section 2.3), in the
range between 200 and 300 nm. Lipid peroxidation was assessed
continuously by measuring the increase in absorbance at 234 nm (for-
mation of conjugated dienes) and 270 nm (formation of conjugated
trienes).
2.6. Mass spectrometry
2.6.1. Lipid extraction
Lipids were extracted from the reaction mixture (with previously
addition of 0.01% BHT) using a modiﬁed Bligh–Dyer method [26]. Brief-
ly, chloroform (1ml) andmethanol (2ml) were added to 0.8ml of mix-
ture (1:2:0.8) and shaken vigorously for 20 min to form a single phase.
Soon after, 1 ml of chloroformwas added (proportions 2:2:0.8) to form
a biphasic mixture and again was strongly shaken for another 20 min.
After resting for 20 min, the lower (chloroform-rich) phase was
Fig. 2. Elution proﬁles of the molecular exclusion chromatography performed to separate
liposomes from free (a) Ptr and (b) FL. The absorbance at 540 nm (●) and IF (○) was reg-
istered for each fraction to detect the liposomes and the solute (Ptr or FL), respectively.
Inset: detailed IF of the fractions corresponding to the elution of the liposomes. In ﬂuores-
cence measurements the excitation wavelength was 340 nm for Ptr and 470 nm for FL.
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stored at−20 °C before MS analysis.
2.6.2. Equipment
A quadrupole time-of-ﬂight mass spectrometer, Xevo G2-QTof from
Waters, was operated in positive ion mode with a capillary voltage of
3 kV, the cone voltage of 50 V, the cone gas ﬂow of 50 l/h, the source
temperature set to 110 °C and the desolvation temperature set to
300 °C. For the tandemMS experiments the collision energies varied
between 15 and 35 eV. The scan range was from 50 to 1000 amu
(Da).
3. Results and discussion
3.1. Permeability of liposomes to pterin
To investigate the permeability of the phospholipid bilayer to Ptr,
SoyPC liposomes prepared in Tris buffer containing Ptr (60 μM)were
passed through a molecular exclusion chromatography column. Ex-
periments were performed using Tris pH = 7.4 as elution buffer
and fractions of 1 mL were collected and analyzed independently.
Knowing that the inner volume of liposomes is very small and that
Ptr is highly ﬂuorescent [16], ﬂuorescence measurements with ap-
propriate conditions were performed to improve the sensitivity of
Ptr detection. Therefore, absorption and ﬂuorescence spectra of
each fraction were recorded. Taking advantage of the light scattering
of liposomes, their detection was carried out measuring the absor-
bance of the fractions at 540 nm, where Ptr does not absorb. Ptr
was determined by integrating the emission spectra of each fraction
by excitation at 340 nm (Ptr presents an intense emission band cen-
tered at 440 nm). In Fig. 2a, the absorbance elution proﬁle shows a
large peak (fractions 3 to 6) associated with the void volume of the
column, which reﬂects the elution of liposomes, also indicated by
the turbidity of the solution. The ﬂuorescence elution proﬁle shows
a peak between fractions 10 and 15 that corresponds to the elution
of the free Ptr (Fig. 2a). Noticeably and as it can be observed on the
inset of Fig. 2a, no ﬂuorescence of Ptr was detected at fractions
where liposomes were collected. These results suggest that Ptr is
not associated to the lipid bilayer, and at the same time, it shows
that Ptr is not encapsulated in the inner compartment of the lipo-
somes and can freely cross the membrane.
Control experiments were performed using ﬂuorescein (FL) instead
of Ptr. FL was chosen because it is not permeable to the lipid membrane
[27] and therefore, after preparation of liposomes in FL solution it re-
mains encapsulated inside the liposomes. This compound is also highly
ﬂuorescent (Φ=0.93) with an emission band centered at 515 nm [28],
so that it can be easily detected by emissionmeasurements. As shown in
Fig. 2b, and in contrast to what was observed for Ptr, emission of FL was
detected not only as free FL (fractions 10 to 15), but also in the fractions
where liposomes are eluted. This result conﬁrms that ﬂuorescence
emission can be detected if the compound is encapsulated in the inner
part of the liposomes.
Similar experimentswere performedwith bromochlorophenol blue,
which presents an intense absorption band centered at 590 nm.
Therefore samples of liposomes prepared in aqueous solutions of
bromochlorophenol blue were separated by molecular exclusion chro-
matography and the elution proﬁles were obtained by registering the
absorbance at 590 nm of each fraction. Bromochlorophenol blue was
detected in the fractions where liposomes eluted (Fig. S1) conﬁrming
that this compound stayed inside the liposomes. The experiments
performed with FL and bromochlorophenol blue demonstrated that li-
posomes do not suffer damage and that their permeability properties
are not affected when manipulated and analyzed by chromatography.
To further investigate the permeability of the phospholipid bilay-
er, dialysis experiments were also performed with Ptr and FL as a
control. Absorbance and ﬂuorescence spectra of the inner aliquotand the dialysates (buffers) were registered. After the buffer was re-
placed 3 times (B1–B4), the ﬂuorescence of the inner aliquot of the
experiment carried out with Ptr was not detectable, indicating that
no remaining Ptr was present in the liposomes. On the contrary, typ-
ical ﬂuorescence spectrum of FL was observed in the inner aliquot of
the experiment carried out with this compound (Fig. 3), thus
conﬁrming that the membrane of the liposomes is not permeable
in this case. Two controls dialysis weremade: the ﬁrst one, with a so-
lution of the compound (Ptr or FL) to ensure that it passes through
the dialysis membrane, and the second one, with SoyPC liposomes
without compound to guarantee that they do not cross the dialysis
membrane.
These experiments clearly showed that Ptr is able to pass through
phospholipids bilayer and very likely cell membranes. This fact might
be relevant from a biological point of view. Unconjugated oxidized
pterins, compounds able to act as photosensitizers, are not present in
cells under physiological conditions, but they are generated in the cyto-
plasm of skin cells affected by some pathologies like vitiligo. Therefore
the results presented in this section imply that unconjugated oxidized
pterins, once produced in the cytoplasm, can diffuse and reach any cel-
lular compartment. In this way, processes photosensitized by pterins,
studied in cell-free systems, such as the photoinactivation of tyrosinase
[19], enzyme that catalyzes the ﬁrst and rate limiting step of the biosyn-
thesis of melanin, and the photoinduced DNA damage [29] could take
place in vivo by diffusion of pterins to the melanosomes and nucleus,
respectively.
Fig. 3. Fluorescence spectra of the inner aliquot of dialysis experiment performed for lipo-
somes with FL (excitation wavelength 470 nm). Inset: ﬂuorescence emission at 515 nm
detected for buffer 4 (B4) and the inner aliquots of liposomes with FL (lip/FL), only FL
(FL) and liposomes without FL (lip).
Fig. 4. Time evolution of the absorbance of (a) conjugated dienes (A234) and
(b) conjugated trienes (A270) for liposomes in the presence (○) and in the absence (●)
of Ptr (60 μM) as a function of the irradiation time. Error bars correspond to SD from 2
to 3 different experiments.
Fig. 5. Time evolution of absorbance of conjugated dienes (A234) for liposomeswith Ptr as
a function of irradiation time under different conditions. a) Experiments carried out inH2O
and D2O; b) experiments carried out in air-equilibrated (21% O2), O2-saturated (100% O2)
and Ar-bubbled (0% O2) liposome suspension. Error bars correspond to SD from 2 to 3
different experiments.
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Although it is known that Ptr produces cell death and alterations
of cytoplasmic membrane integrity by photosensitization under
UVA excitation [22], the mechanism involved has not been yet iden-
tiﬁed neither the kind of damage that the membrane undergoes.
Therefore, SoyPC liposomes prepared in buffer Tris pH 7.4 in the
presence and absence of Ptr, were exposed to UVA irradiation (see
Section 2.4) during different periods of time and lipid peroxidation
was investigated.
The samples analyzed by UV–vis spectrophotometry revealed a sig-
niﬁcant increase in the absorbance at 234 nm(A234),where it is known
that conjugated dienes absorb. As shown in Fig. 4a, the production of
conjugated dienes was clearly enhancedwhen Ptr was present in the li-
posome suspension. In our irradiation conditions, a maximum was
reached at around 50–60 min of irradiation and afterwards, A234
decreased, suggesting possible breaks of fatty acid chains of SoyPC
after conjugation. Moreover, the time evolution of the absorbance at
270 nm (A270), where conjugated trienes absorb, is shown in Fig. 4b.
Clearly, conjugated trienes are formed only when Ptr is present in the
liposome suspension, at least at these irradiation times. Controls of
non-irradiated liposomes with and without Ptr were also performed,
and no signiﬁcant conjugated dienes and trienes were produced. In
addition, negligible changes in absorption of Ptr were detected during
the irradiation, indicating that no signiﬁcant photodegradation of this
photosensitizer occurred. These experiments clearly show that Ptr is
able to photoinduced lipid peroxidation.
Photoinduced lipid peroxidation can take place by twomechanisms:
type I, with radical formation or type II, which involves 1O2 (see
Section 1). Taking into account that pterins are able to act as photosen-
sitizers through both mechanisms [30], several experiments were per-
formed to elucidate which of the two mechanisms is the mayor
pathway involved in this case. Firstly, SoyPC liposomes were dissolved
in D2O and irradiated in the presence and absence of Ptr. The formation
of conjugated dienes and trienes was followed spectrophotometrically
(A234 and A270, respectively) and these results were compared to
those obtained usingH2O as a solvent, under otherwise the same exper-
imental conditions. Fig. 5a shows that a very slight increase on the rate
of formation of conjugated dienes was registered in D2O compared to
H2O. This result suggests that 1O2 is not be involved in the lipid peroxi-
dation of the phospholipids.
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liposomes with Ptr were bubbled with argon gas to eliminate the dis-
solved O2, or with O2 to increase its concentration. Then the deoxygen-
ated and O2-saturated samples were irradiated, A234 and A270 were
registered as a function of irradiation time and the corresponding curves
were compared to those obtained for air-equilibrated samples. As ex-
pected, no conjugated dienes (Fig. 5b) and trienes (data not shown)
were formed in the absence of O2 (0% O2), indicating that O2 is needed
for the process. Also, air-equilibrated (21% O2) and O2-saturated (100%
O2) samples showed nodifference in the rate of formation of conjugated
dienes.3.3. Mass spectrometry analysis of photoproducts
Photoinduced lipid peroxidation products were analyzed by mass
spectrometry in positive mode, since phosphatidylcholines are natural-
ly positively charged molecules due to the trimethylamine group at the
polar head. Before and after UV exposure of SoyPC liposomes with Ptr,
lipids were extracted as describe above (see Section 2.6) and injected
directly into the mass spectrometer. As shown in Fig. 6a, for the non-
irradiated sample, several peaks were observed with m/z values corre-
sponding to the [M+ H]+ and [M+ Na]+ ions of the different PC spe-
cies present in the SoyPC liposomes (table in Fig. 6a). Comparison of the
MS spectra of the irradiated samples with those of untreated samples
allowed the detection of new peaks that were assigned to products of
the photosensitized process. Such species presented higher m/z values
than those registered for the unmodiﬁed PCs (Fig. 6b). Themost intense
signals corresponded to [M + H + 2O]+, [M + Na + 2O]+,
[M + H+ 4O]+, [M + Na + 4O]+ (table in Fig. 6b). These data reveal
that incorporation of oxygen atoms takes place as a result of the
photosensitized process and suggest that the detected species can be
assigned to hydroperoxides, since these kinds of compounds are theFig. 6. (a)Mass spectrumof non-irradiated sample, table showsm/z values of the various PC spe
showsm/z values of peaks corresponding to photoproducts.most important products generated in photoinduce lipid peroxidation
[31,32].
To go further with the investigation about the structure of the
photoproducts formed, tandem mass experiments (MS/MS) were
performed. The results from the MS/MS analysis will be explained
in detail for the oxidation products of PC(18:2/18:2) and PC(16:0/
18:2), which are the most abundant PC species in SoyPC. The ion
[M + H + 2O]+ with a m/z value of 790.5 Da can be assigned to the
hydroperoxy derivatives of PC(16:0/18:2) (PC(16:0/18:2)-OOH). The
MS/MS spectrum of this specie (Fig. 7a) showed the characteristic frag-
ment at m/z 184 Da, which corresponds to the phosphocholine polar
head ([H2PO4CH2CH2N(CH3)3]+) and the ions at m/z values of
772.5 Da and 756.5 Da formed by loss of one molecule of H2O and
H2O2, respectively from the [M + H]+ ion. The loss of−34 Da (H2O2)
highly supports the presence of a hydroperoxide derivative [33]. Addi-
tional ions atm/z values between 450 Da and 700 Da give structural in-
formation about the sites ofmodiﬁcation in the PCmoiety (inset Fig. 7a)
[34,35]. The ion observed at m/z 496.3 Da corresponds to lyso-PC(16:0)
and conﬁrms that oxidation occurred to the sn-2 acyl chain (18:2). Also
the ions at m/z 650.4 Da and 702.4 Da could correspond to the struc-
tures shown in Fig. 7a, where the hydroperoxy group is at position 9
or 13, respectively, in the fatty acid chain of 18:2.
Fig. 7b shows theMS/MS spectrum of the ion [M+H+2O]+with
am/z value of 814 Da, which can be assigned to the hydroperoxy de-
rivatives of PC(18:2/18:2) (PC(18:2/18:2)-OOH). As observed for the
ion of the product PC(16:0/18:2)-OOH (Fig. 7a), the fragment at m/z
184 Da was detected together with the fragments formed by the loss
of H2O and H2O2, at m/z values of 796.5 Da and 780.5 Da, respective-
ly. The fragment consistent to the loss of−59 Da, which corresponds
to the choline head (N(CH3)3), was also registered. To assess the po-
sition of the hydroperoxide, in this case, only one ion was found cor-
responding to them/z value of 726.4 Da, which is in agreement with
the hydroperoxide at C-13.cies present in SoyPC liposomes. (b)Mass spectrum of a sample irradiated for 20min, table
Fig. 7. Tandem mass spectra (MS/MS) acquired for the ions at (a)m/z 790 Da and (b) m/z 814 Da, corresponding to the hidroperoxy derivatives of PC(16:0/18:2) and PC(18:2/18:2),
respectively. Zoom areas (m/z 490–730) show fragments that allowed the oxidation sites to be assigned, which are shown in the structures.
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cated a decrease in the concentration of conjugated dienes, which sug-
gests further reactions leading to secondary products. Several studies
have reported that, after conjugation, breaks of fatty acid chains take
place and secondary oxidation products containing terminal aldehydic
and carboxylic groups are formed [36,37]. Therefore, to investigate
this point, samples containing SoyPC and Ptr, irradiated for more than
50 min, were analyzed by mass spectrometry and the corresponding
mass spectra were compared to those registered for untreated samples.
To simplify the study, only products derived from PC(16:0/18:2) (1-
hexadecanoyl-2-octadecadienoyl-GPC) were investigated. As shown in
Table 1, fourmayorm/z ionswere detected in themass spectra of the ir-
radiated sample, which were not present in the mass spectra of sample
before irradiation. Those ions correspond to products containing oxi-
dized fragmented acyl chains formed by alkoxyl rearrangement in
linoleyl chains [38,39]. These results suggested that conjugated dienes
underwent further Ptr-photosensitized reactions involving oxidationTable 1
Molecular formula, observed and calculated mass, mass error and name of the short-chain sec
Product name Molecular formula
1-hexadecanoyl-2-(9-Oxo-nonanoyl)-GPC C33H65NO9P
1-hexadecanoyl-2-(9-Carboxy-nonanoyl)-GPC C33H65NO10P
1-hexadecanoyl-2-(11-Oxo-9-undecenoyl)-GPC C35H67NO9P
1-hexadecanoyl-2-(9-Keto-12-oxo-10-dodecenoyl)-GPC C36H67NO10Pand cleavage of fatty acid chains to yield molecules of lower molecular
weights bearing aldehyde, ketone and carboxy functional groups.
4. Conclusions
In this work we have investigated the oxidation of liposomes of
phosphatidylcholine from soybean (SoyPC) photoinduced by pterin
(Ptr), the parent and unsubstituted compound of unconjugated oxi-
dized pterins. Upon UVA irradiation (320–400 nm) of SoyPC liposomes
with Ptr, conjugated dienes and trienes were detected, showing that Ptr
is able to photoinduce lipid peroxidation. The processwould be initiated
by an electron transfer step, whereas singlet oxygen (1O2) would not be
involved as the main pathway. Additionally, various hydroperoxides
corresponding to the oxidation of different PC derivatives were found
as photoproducts, which later on suffered cleavages in the carbon
chain generating short-chain secondary oxidationproducts. Finally, per-
meability studies revealed that Ptr is not encapsulated in the innerondary products detected in MS spectra.
Calculated mass (Da) Observed mass (Da) Δ (mDa)
650.4397 650.4408 −1.1
666.4346 666.4346 0
676.4553 676.4545 0.8
704.4502 704.4450 5.2
145A.H. Thomas et al. / Biochimica et Biophysica Acta 1858 (2016) 139–145fraction of liposomes and that Ptr is able to freely cross the phospholipid
bilayer.
Unconjugated oxidized pterins accumulate in the skin of patients
suffering from vitiligo, a depigmentation disorder in which the protec-
tion against the UV radiation fails due to the lack of melanin. Therefore
the results presented in this work are relevant from a biomedical point
of view because they suggest that pterins are able to damage cell mem-
branes. Moreover, the fact that pterins can cross phospholipid bilayers
suggests that these compounds, generated in a given cellular compart-
ment, can migrate to different compartments and, upon irradiation,
oxidize other membranes and biomolecules.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2015.11.002.
Acknowledgments
The present work was partially supported by Consejo Nacional
de Investigaciones Cientíﬁcas y Técnicas (CONICET-Grant PIP 112-
200901-00425), Agencia de Promoción Cientíﬁca y Tecnológica
(ANPCyT-Grant PICT-2012-0508) and the Universidad Nacional de La
Plata (UNLP-Grant X586). The authors thank the Centre National de la
Recherche Scientiﬁque (CNRS, France) and CONICET for supporting
their collaboration through a Programme de Coopération Scientique
(CONICET-PICS/CNRS No. PICS05920). The authors gratefully acknowl-
edge Dr. Patricia Vicendo from Laboratoire des IMRCP (Université de
Toulouse III (Paul Sabatier)/CNRS, France) for her crucial contributions
and Nathalie Martins-Froment and Valérie Bourdon (Service Commun
de Spectrométrie de Masse (FR2599), Université de Toulouse III (Paul
Sabatier)) for the mass spectrometry measurements. A. C., A. H. T. and
M. V. are research members of CONICET.
References
[1] A. Catalá, Lipid peroxidation of membrane phospholipids generates hydroxy-
alkenals and oxidized phospholipids active in physiological and/or pathological
conditions, Chem. Phys. Lipids 157 (2009) 1–11.
[2] M. Repetto, J. Semprine, A. Boveris, Lipid peroxidation: chemical mechanism, biolog-
ical implications and analytical determination, in: A. Catalá (Ed.), Lipid Peroxida-
tion, InTech, Open Access Publisher 2012, pp. 3–30.
[3] A. Catala, Lipid peroxidation modiﬁes the assembly of biological membranes “the
lipid whisker model”, Front. Physiol. 5 (2015).
[4] E. Niki, Lipid peroxidation: physiological levels and dual biological effects, Free
Radic. Biol. Med. 47 (2009) 469–484.
[5] S.E. Braslavsky, Glossary of terms used in photochemistry 3rd edition: (IUPAC rec-
ommendations 2006), Pure Appl. Chem. 79 (2007) 293–465.
[6] C.S. Foote, Deﬁnition of type I and type II photosensitized oxidation, Photochem.
Photobiol. 54 (1991) 659.
[7] A.W. Girotti, Photodynamic lipid peroxidation in biological systems, Photochem.
Photobiol. 51 (1990) 497–509.
[8] E.N. Frankel,W.E. Neff, E. Selke, D.Weisleder, Photosensitized oxidation ofmethyl lino-
leate: secondary and volatile thermal decomposition products, Lipids 17 (1982) 11–18.
[9] F. Boscá, M.A. Miranda, I.M. Morera, A. Samadi, Involvement of type I and type II
mechanisms in the linoleic acid peroxidation photosensitized by tiaprofenic acid,
J. Photochem. Photobiol. B Biol. 58 (2000) 1–5.
[10] R. Itri, H.C. Junqueira, O. Mertins, M.S. Baptista, Membrane changes under oxidative
stress: the impact of oxidized lipids, Biophys. Rev. 6 (2014) 47–61.
[11] W. Pﬂeiderer, Natural pteridines—a chemical hobby, in: J.E. Ayling, M. Gopal Nair,
C.M. Baugh (Eds.), Chemistry and Biology of Pteridines and Folates, vol. 338, Plenum
Press, New York 1993, pp. 1–16.
[12] I. Ziegler, Production of pteridines during hematopoiesis and T-lymphocyte prolifer-
ation: potential participation in the control of cytokine signal transmission, Med.
Res. Rev. 10 (1990) 95–114.[13] K.U. Schallreuter, J.M. Wood, M.R. Pittelkow, M. Gütlich, K.R. Lemke, W. Rödl, N.N.
Swanson, K. Hitzemann, I. Ziegler, Regulation of melanin biosynthesis in the
human epidermis by tetrahydrobiopterin, Science 263 (1994) 1444–1446.
[14] C.A. Nichol, G.K. Smith, D.S. Duch, Biosynthesis and metabolism of
tetrahydrobiopterin and molybdopterin, Annu. Rev. Biochem. 54 (1985) 729–764.
[15] K.U. Schallreuter, J. Moore, J.M. Wood, W.D. Beazley, E.M. Peters, L.K. Marles, S.C.
Behrens-Williams, R. Dummer, N. Blau, B. Thöny, Epidermal H2O2 accumulation al-
ters tetrahydrobiopterin (6BH4) recycling in vitiligo: identiﬁcation of a general
mechanism in regulation of all 6BH4-dependent processes? J. Invest. Dermatol.
116 (2001) 167–174.
[16] C. Lorente, A.H. Thomas, Photophysics and photochemistry of pterins in aqueous
solution, Acc. Chem. Res. 39 (2006) 395–402.
[17] C. Lorente, G. Petroselli, M.L. Dántola, E. Oliveros, A.H. Thomas, Electron transfer
initiated reactions photoinduced by pterins, Pteridines 22 (2011) 111–119.
[18] E. Oliveros, M.L. Dántola, M. Vignoni, A.H. Thomas, C. Lorente, Production and
quenching of reactive oxygen species by pterin derivatives, an intriguing class of
biomolecules, Pure Appl. Chem. 83 (2011) 801–811.
[19] M. Laura Dántola, A.D. Gojanovich, A.H. Thomas, Inactivation of tyrosinase photoin-
duced by pterin, Biochem. Biophys. Res. Commun. 424 (2012) 568–572.
[20] C. Castaño, C. Lorente, N. Martins-Froment, E. Oliveros, A.H. Thomas, Degradation of
α-melanocyte-stimulating hormone photosensitized by pterin, Org. Biomol. Chem.
12 (2014) 3877–3886.
[21] C. Castaño, M.L. Dántola, E. Oliveros, A.H. Thomas, C. Lorente, Oxidation of tyrosine
photoinduced by pterin in aqueous solution, Photochem. Photobiol. 89 (2013)
1448–1455.
[22] M.P. Denofrio, C. Lorente, T. Breitenbach, S. Hatz, F.M. Cabrerizo, A.H. Thomas, P.R.
Ogilby, Photodynamic effects of pterin on HeLa cells, Photochem. Photobiol. 87
(2011) 862–866.
[23] http://www.sigmaaldrich.com/content/dam/sigma-aldrich/docs/Sigma/Product_In-
formation_Sheet/1/p7443pis.pdf, in.
[24] M.P. Serrano, M. Vignoni, M.L. Dántola, E. Oliveros, C. Lorente, A.H. Thomas, Emission
properties of dihydropterins in aqueous solutions, Phys. Chem. Chem. Phys. 13
(2011) 7419–7425.
[25] H.J. Kuhn, S.E. Braslavsky, R. Schmidt, Chemical actinometry (IUPAC technical
report), Pure Appl. Chem. 76 (2004) 2105–2146.
[26] E.G. Bligh, W.J. Dyer, A rapid method of total lipid extraction and puriﬁcation, Can. J.
Biochem. Physiol. 37 (1959) 911–917.
[27] J.N. Weinstein, S. Yoshikami, P. Henkart, R. Blumenthal, W.A. Hagins, Liposome-cell
interaction: transfer and intracellular release of a trapped ﬂuorescent marker,
Science 195 (1977) 489–492.
[28] R. Sjöback, J. Nygren, M. Kubista, Absorption and ﬂuorescence properties of ﬂuores-
cein, Spectrochim. Acta A Mol. Biomol. Spectrosc. 51 (1995) L7–L21.
[29] C. Lorente, A.H. Thomas, L.S. Villata, D. Hozbor, A. Lagares, A.L. Capparelli, Photoin-
duced cleavage of plasmid DNA in the presence of pterin, Pteridines 11 (2000)
100–105.
[30] G. Petroselli, M.L. Dántola, F.M. Cabrerizo, A.L. Capparelli, C. Lorente, E. Oliveros, A.H.
Thomas, Oxidation of 2'-deoxyguanosine 5'-monophosphate photoinduced by pter-
in: type I versus type II mechanism, J. Am. Chem. Soc. 130 (2008) 3001–3011.
[31] A.W. Girotti, Photosensitized oxidation of membrane lipids: reaction pathways, cy-
totoxic effects, and cytoprotective mechanisms, J. Photochem. Photobiol. B Biol. 63
(2001) 103–113.
[32] A. Wolnicka-Glubisz, M. Lukasik, A. Pawlak, A. Wielgus, M. Niziolek-Kierecka, T.
Sarna, Peroxidation of lipids in liposomal membranes of different composition
photosensitized by chlorpromazine, Photochem. Photobiol. Sci. 8 (2009) 241–247.
[33] J. Adachi, N. Yoshioka, R. Funae, H. Nushida, M. Asano, Y. Ueno, Determination of
phosphatidylcholine monohydroperoxides using quadrupole time-of-ﬂight mass
spectrometry, J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 806 (2004) 41–46.
[34] M.R.M. Domingues, A. Reis, P. Domingues, Mass spectrometry analysis of oxidized
phospholipids, Chem. Phys. Lipids 156 (2008) 1–12.
[35] A. Reis, P. Domingues, M.R.M. Domingues, Structural motifs in primary oxidation
products of palmitoyl-arachidonoyl- phosphatidylcholines by LC-MS/MS, J. Mass
Spectrom. 48 (2013) 1207–1216.
[36] M.R.M. Domingues, C. Simões, J.P. da Costa, A. Reis, P. Domingues, Identiﬁcation of 1-
palmitoyl-2-linoleoyl-phosphatidylethanolamine modiﬁcations under oxidative
stress conditions by LC-MS/MS, Biomed. Chromatogr. 23 (2009) 588–601.
[37] F. Gruber, W. Bicker, O.V. Oskolkova, E. Tschachler, V.N. Bochkov, A simpliﬁed proce-
dure for semi-targeted lipidomic analysis of oxidized phosphatidylcholines induced
by UVA irradiation, J. Lipid Res. 53 (2012) 1232–1242.
[38] A. Reis, C.M. Spickett, Chemistry of phospholipid oxidation, Biochim. Biophys. Acta
Biomembr. 1818 (2012) 2374–2387.
[39] R.C. Murphy, J. Fiedler, J. Hevko, Analysis of nonvolatile lipids bymass spectrometry,
Chem. Rev. 101 (2001) 479–526.
